Most studies in the neurobiology of learning assume that the underlying learning process is a pairingdependent change in synaptic strength that requires repeated experience of events presented in close temporal contiguity. However, much learning is rapid and does not depend on temporal contiguity, which has never been precisely defined. These points are well illustrated by studies showing that the temporal relations between events are rapidly learned-even over long delays-and that this knowledge governs the form and timing of behavior. The speed with which anticipatory responses emerge in conditioning paradigms is determined by the information that cues provide about the timing of rewards. The challenge for understanding the neurobiology of learning is to understand the mechanisms in the nervous system that encode information from even a single experience, the nature of the memory mechanisms that can encode quantities such as time, and how the brain can flexibly perform computations based on this information.
Introduction
The neurobiology of learning has been guided by the idea that knowledge is acquired through associative learning. Pavlovian conditioning, the prototype of associative learning, is believed to occur because of repeated pairings of a conditioned stimulus (CS) with an unexpected unconditioned stimulus (US). A century of research has led to the accepted generalization that this learning depends on contiguity and that, in most cases, it requires many trials before it is complete. Thus, the search for the mechanisms underlying learning has focused on neural changes that depend on contiguity and repetition. There is, however, accumulating evidence that this view fails to capture a number of critical features of the learning process and fails to appreciate a fundamental function of memory. Here we highlight the shortcomings of the traditional view and sketch out an alternative information theoretic approach. We emphasize the data consistent with this approach but the reader should be aware that not all the extant data on Pavlovian conditioning are captured by this alternative. We note below when there are exceptions to the generalizations that form the foundation of this new approach.
Much of the evidence that caused us to challenge the classic view comes from studying the role of time in conditioning. Time was thought to modulate the learning of associations in the sense that temporal contiguity was necessary for learning -the less the contiguity between CS and US the weaker the resulting associative bond and/or the more slowly it developed. The formation of the associative bond was sensitive to the temporal interval, but the bond did not encode that interval. That is, one could not recover the interval from knowledge of the strength of the association it produced, because many other factors also influenced that strength. However, it was already evident early in the study of Pavlovian conditioning that the interval between the onset of the CS and US presentation was in fact learned. As early as Pavlov (1927) it was known that the strength of anticipatory conditioned responses (CR's) grows during the presentation of a prolonged CS that signals a fixed delay to the US, a phenomena that Pavlov called inhibition of delay. Since those early observations of Pavlov it has come to be accepted that the learning of specific temporal intervals occurs during these protocols (see Balsam, Drew, et al., 2010; Molet & Miller, 2013; Ward, Gallistel, et al., 2013) . As this research has progressed, it has become evident that times seem to be learned extremely rapidly, from even single experiences and even before an anticipatory CR emerges (Drew, Zupan, et al., 2005; Ohyama & Mauk, 2001; Ward, Gallistel, et al., 2012) . A dramatic example of rapid temporal learning is presented in Diaz-Mataix, Ruiz Martinez, et al. (2013) . In one of their experiments, rats were exposed to a Pavlovian fear conditioning procedure in which a single presentation of a tone was followed by a shock 30 s later. This was sufficient to produce reliable freezing to the tone. The next day subjects were given a reminder trial, which consisted of a few additional pairing of the tone and shock. Different groups of subjects were given the shock at the training time (30 s) or at a different time (e.g. 10 s) after the onset of the tone. In order to see if a reconsolidation process was triggered; half the subjects received
